A miniature electrode was used to measure, for the first time, the timedependent change in dissolved oxygen concentration of small-scale cultures of two actinomycete species at various aeration efficiencies in both complex and defined media. Erythromycin was produced in both oxygen-limited and oxygen-sufficient conditions in shaken flask and inclined tube cultures of Saccharopolyspora erythraea and a further, novel, secondary metabolite was produced only under oxygen limitation. In contrast, vancomycin was only produced in oxygen-suff icient cultures of Amycolatopsis orientalis. Similar results were obtained in batch bioreactor cultures. These findings indicate that oxygen limitation acts in an analogous manner to substrate limitation imposed by dissolved nutrients, stimulating secondary metabolite production in some cases and inhibiting it in others. The implications of these findings in screening programmes for novel secondary metabolites are discussed.
INTRODUCTION
The expression of batch culture in a Vanek, 1979; Uchida etal., 1981) , very few have addressed the effect of oxygen limitation. The papers of Rollins et al. (1988 Rollins et al. ( ,1990 and Virgilio etal. (1964) reported the effect of very short periods of oxygen-limited growth on the individual antibiotics often requires medium formulated with a specific growth-rate-limiting nutrient (Bushell, 1983) . Industrial screening programmes for novel microbial metabolites are, therefore, often designed so that each isolate under test is grown in a variety of media designed to provide different growth-limiting nutrients (Nisbet, 1982) . This range of growth-limiting nutrients maximizes the chances of expressing the product-forming potential of each organism in the screen.
High throughput in screening programmes is achieved by using small-scale culture vessels, such as shaken tubes or flasks. The required range of growth-rate-limiting nutrients may not be possible if the design of the culture vessel results in oxygen limitation, and we have suggested that this may reduce potential product diversity in screens if the benefits of multiple nutrient limitations are removed (Bushell, 1988) . Despite studies of the effect of aeration eficieng on antibiotic production (e. g. ability to synthesize antibiotics, and Vandamme e t al. (1981) and Chen & Wilde (1991) described the influence of reduced oxygen in non-defined culture media. Given the complex nature of the media in these studies, the status of oxygen as the first growth-limiting nutrient in these cultures may be subject to debate, as slowly assimilated nutrients will assume the status of growth-rate-limiting substrates (Demain, 1986) . The likelihood of oxygen limitation in small-scale vessels is impossible to assess without dissolved oxygen data because it is dependent not only on vessel geometry but also on medium composition and culture oxygen uptake rate, both of which vary continuously with time (Stanbury & Whitaker, 1984) . It has been suggested that shakeflasks and tubes may have aeration efficiencies comparable with those of stirred, aerated bioreactors (Tunac, 1989 ; Freedman, 1970; McDaniel & Bailey, 1969; Morimoto e t al., 1979) . However, this may be offset by the use of complex media, commonplace in industry, which give rise to high oxygen demand rates, particularly in actinomycete cultures (Bushell, 1988) .
Here, we describe the effect of oxygen limitation on induction of secondary metabolism in Saccbaropohspora eythraea and Amzcolatopsis orientalis cultures using a novel approach to measuring dissolved oxygen concentration in shaken flasks and tubes.
METHODS
Strains and culture media. Saccharopobspora erythraea NRRL 2338 and Amycolatopsis orientalis ATCC 19795 were used throughout. Antibiotic concentrations were obtained routinely by bioassay (see below) using a strain of Arthrobacter citreus (GL1) obtained from the Shell Laboratories culture collection, Sittingbourne, Kent, UK. The chemically defined antibiotic production medium for S. erythraea and Amy. orientalis contained (g 1-' in reverse-osmosis-purified water) : glucose 50, NaNO, 18.5, KH,PO, 3.0, K,HPO, 7.0, plus 10 ml trace solution pH 7.0. Trace solution (usually made up as x 100 strength, 10 ml added per litre) contained ( x 1 strength; g 1-'): MgSO, . 7H, O 0.25, FeSO, . 7H, O 0.025, CuC1, 0.00053, CoC1, 0.00055, CaC1, . 2H, O 0.0138, ZnC1, 0.0104, MnC1, 0 .0062, Na,MoO, 0-0003. Glucose, salts and trace solution were autoclaved separately and then mixed aseptically. A complex medium [containing (g 1-' ) : glucose 10, soya peptone (Lab M) 5, NaCl5, ZnSO, 0.011 was also used for tube culture. The pH was adjusted to 7.0 with 5 M KOH prior to autoclaving.
S. eiythraea, Amy. orientalis and Ar. citreus were routinely maintained on nutrient agar, and grown in 250 ml baffled Erlenmeyer flasks containing 50 ml medium at 30 "C on a rotary shaker at 250 r.p.m. A nutrient broth starter medium was inoculated with colonies picked off a plate, shaken for 48 h, and 2 ml removed and used (3. erythraea and Amy. orientalis) to inoculate preculture flasks containing the defined medium. After 48 h further incubation, the preculture flasks were used as an inoculum for both experimental flasks and bioreactors, added at approximately 5 % (v/v).
Small cultures and measurement of dissolved oxygen concentration. Baffled and non-baffled 250 ml Erlenmeyer flask cultures, and tube cultures, were employed. The latter consisted of 3 x 15 cm test tubes with a silicone rubber closure containing a 5 mm diameter, foam-filled orifice. The tubes were inclined at 30" to the vertical and shaken at 250 r.p.m. Each tube contained 10 ml culture. Fig. 1 . Drawing (not to scale) of the side arm compression fitting system for the miniature dissolved oxygen electrode system in 250 ml conical flasks. A similar fitting was used for the tube cultures.
Research and Development Ltd, personal communication). For each flask type and tubes, dissolved oxygen concentration was measured continuously in a single flask using a miniature polarographic (Brown, 1970) dissolved oxygen electrode (Neonatal Oxygen Catheter, size 5Fr, Biomedical Sensors). Electrode tips (1.75 mm diameter, 2 mm long) were aseptically inserted into the base of sterile flasks by means of a glass sidearm and compression fitting (see Fig. 1 ). In order to minimize changes to the fluid dynamics within the culture vessel, only the 2 mm long sensing tip of the electrode extended into the vessel. A silicone-based glue was used to seal the insert. The electrode had been developed for monitoring the dissolved oxygen concentration in the blood vessels of neonates (Pollitzer et al., 1980) and was therefore considered to have potential use in the restricted size environment of the small-scale culture vessels.
Electrodes were connected to a monitor (Neocath 1000, Biomedical Sensors) and chart recorder. Prior to use the electrode membrane received a 30 min hydration period in the culture medium under operating conditions. The signal from the electrode at this point was assumed to represent 100% air saturation and the instrument range setting adjusted accordingly. The effective zero of the electrode was then determined by bubbling sterile nitrogen gas through the medium (values varied from 5 'YO to 14 ' YO for different electrodes), and this value was used retrospectively to re-scale readings in order to obtain true values of dissolved oxygen concentration ; 100 'YO saturation of the media was re-established prior to inoculation. The electrode signal was highly stable during rotary shaking, dissolved oxygen concentration values fluctuating by only 2 O/ O over 3 h prior to inoculation. Bioreactor culture. An LH 2000 series bioreactor with a working volume of 3 1 was used. Agitation was provided by disc turbine impellors, rotating at 300 r.p.m., and sterile air was supplied through a sparger. Two aeration regimes were used: 0.7 v.v.m. (vol. v01.-' min-') and 2 v.v.m. (kla 154 and 545 h-l, respectively). The temperature was controlled at 30 "C. Bioreactor dissolved oxygen concentration was monitored using an Ingold polarographic dissolved oxygen electrode. The pH was monitored throughout but was not controlled, in order to more closely simulate conditions obtained in the shake-flask culture. The cultures made using synthetic media, which contained a phosphate buffering system (see above: Strains and culture media), increased in pH over the course of an experiment by no more than 0-5 pH unit. Values in complex media decreased from pH 7.0 to pH 6.0. Foaming was eliminated by including 0.01 ' YO Breox FMT30 antifoam (Water Management and Gamlen) in the culture medium.
Culture biomass concentration determination. Ten millilitre biomass samples were collected on pre-dried membrane filters (Whatman 0.45 pm). Filtrates were collected and frozen for further assays (erythromycin, vancomycin, glucose, nitrate and phosphate), and the filter was rinsed with distilled water (3 x 10 ml) prior to drying in a microwave oven (high power, 5 min). Dry weights and, hence, biomass concentrations were estimated after cooling and desiccation.
Anti biotic assays.
A bioassay employing A r . citreus was performed using procedures described previously (Huck et al., 1991) . Challenge strain seed cultures and assay plates were incubated at 30 "C and the diameters of the zones of inhibition were recorded after 24 h. Examination of a number of samples using high-performance liquid chromatography ( Oxygen limitation and secondary metabolism Goetz, 1978) confirmed that the bioassay corresponded to the appropriate antibiotics.
Residual glucose, nitrate and phosphate. A glucose-oxidasebased assay kit (Trinder system, Sigma) and a nitrate-reductasebased assay kit (Boehringer Mannheim) were employed. The colorimetric procedure described previously (McDermott e t al., 1993) was used for phosphate determination.
Specific biomass and antibiotic production rates. Specific growth rates were calculated using the partial cubic spline interpolation methodology described by us previously (Bushel1 et al., 1993; McDermott et al., 1993) . The idea of using cubic spline interpolation of fermentation data was first proposed by Oner et a/. (1986) .
Reproducibility and replication of experiments. All experimental data were obtained from single cultures. Experiments were carried out in triplicate to ensure that the trends and relationships observed in the culture parameters measured were reproducible. Individual assays were replicated fourfold. Sampling shaker cultures involved sacrificing two cultures for each time point and assaying the contents individually. Experiments were rejected where a X-squared test indicated significant differences between replicates. Where error bars are not shown, they were too small to be visible on the figures presented.
RESULTS

Antibiotic production in glucose-limited culture
In the baffled shake-flask cultures of S. erytbraea and Amy.
orientalis, glucose was the only nutrient to become exhausted and dissolved oxygen concentration, indicated by the miniature electrode system, did not fall below 78 YO (Fig. 2a, b) . Culture concentrations of nitrate and phosphate remained in excess throughout the experiment (Fig.   2a, b) . Both baffled shake-flask cultures were, therefore, assumed to be glucose-limited, i.e. only the glucose concentration in the medium determined the biomass concentration and specific biomass growth rate. Antibiotic concentration increased in parallel with biomass concentration in 5'. evtbraea cultures (Fig. 2a) , following similar kinetics to those observed by us previously (McDermott et al., 1993) . Antibiotic production in Amy.
orientalis cultures appeared to be more growth dissociated, vancomycin not being detected until after the rate of biomass increase had slowed considerably (Fig. 2b) .
Similar trends for both organisms were obtained in bioreactor cultures agitated at 300 r.p.m. and aerated at 2 v.v.m. , employing conventional polarographic dissolved oxygen monitoring (Fig. 3a, b) . In both bioreactor cultures, dissolved oxygen concentration remained at or near saturation throughout the experiment.
Selective antibiotic production in oxygen-limited culture
In the unbaffled shake-flask cultures, the miniature electrode system indicated that dissolved oxygen concentration decreased as growth proceeded in cultures of both organisms, falling to zero after 54 h in the S. erytbraea culture (Fig. 4a ) and 74 h in the Amy. orientalis culture ( Fig. 4b) . All other nutrients were in excess throughout the cultures, and both unbaffled flask cultures were, therefore, assumed to be oxygen-limited. Erythromycin was produced in the S. eythraea culture (Fig. 4a ) but vancomycin was not produced in oxygen-limited Any. orientalis culture (Fig. 4b) . Oxygen-limited erythromycin pro- Similar results were obtained for both organisms in oxygen-limited bioreactor culture, aerated at 0.7 v.v.m. (Fig. 5a, b) .
Glucose assimilation during the oxygen-depleted phase
Production of an unidentified soluble red pigment, not previously reported, was observed in both shake flask and fermenter oxygen-limited cultures of S. erythraea. In all oxygen-limited cultures (Figs 4 and 5) nutrient assimilation and, in shake flask culture, slow growth (Fig. 4) continued after the dissolved oxygen concentration had reached zero. In this context it should be appreciated that a zero dissolved oxygen concentration reading does not necessarily indicate complete oxygen exhaustion but that the oxygen uptake rate of the culture is equal to the oxygen supply rate supported by the culture vessel. The slow rates of biomass increase in shake flask culture following attainment of zero dissolved oxygen concentration were presumably a reflection of the low oxygen supply rate supported by a non-baffled shake-flask system. The ability of actinomycetes to continue growing under oxygen-depleted conditions may be important for survival and competition in microaerophilic soil environments such as waterlogged or compacted microhabitats. Microaerophilic growth has been reported in several genera of actinomycetes, including Agromzces, Arachnia, Oerskovia and Rothia (Lechevalier & Lechevalier, 1981) .
A stationary phase, during which biomass concentration remained constant, occurred during oxygen-depleted bioreactor culture. The difference between flask and bioreactor culture in this context is probably a reflection of the different aeration efficiencies supported by the two culture systems. In both strains oxygen-limited bioreactor cultures continued to assimilate glucose in the absence of biomass increase. This may be analogous to the assimilation of carbon source to provide maintenance energy, observed in chemostat culture (Pirt, 1965) . If this is the case, then the red pigment may be a 'shunt' or ' overflow metabolite ' (cf. Woodruff, 1966) secreted as a consequence of maintenance metabolism.
Relationship between antibiotic production and growth rate
The production of antibiotics and other secondary metabolites is considered to be a response to nutrient limitation (Bu'Lock, 1974) . We have previously reported erythromycin production, in a different medium, as both a growth-associated and growth-dissociated metabolite, depending on the identity of the growth-limiting substrate. Results in this paper indicate that both vancomycin and erythromycin are produced under glucose-limited conditions. The decay of dissolved oxygen concentration in the oxygen-limited cultures may have had an analogous effect in inducing erythromycin production in S. eythraea cultures. In these experiments, erythromycin production was more closely associated with growth than was that of vancomycin. This was the case with both glucose-and oxygen-limited S. eythraea culture (Figs 3a and 5a ).
Antibiotic synthesis in oxygen-limited culture was, therefore, initiated during a period of oxygen sufficiency in cultures which eventually became oxygen depleted. Comparing the results of specific growth rate determination using partial cubic spline interpolation and derivatization, data from glucose-limited Amy. orientalis cultures indicated that vancomycin was not produced until the specific growth rate had decayed (Fig. 3a, b) . In the analogous oxygen-limited situation (Fig. 5b) this would have corresponded to a period of oxygen depletion during which the rate of oxygen assimilation may have been insufficient to support the energetic demands of vancomycin biosynthesis. In the case of erythromycin, induction of antibiotic biosynthesis took place before the growth rate had decayed completely, during a period when oxygen uptake was still significant.
Oxygen depletion in tube culture
We have suggested (Bushell, 1983 ) that a variety of different nutrient limitations would be required to form an effective panel of media in an industrial screen for novel microbial secondary metabolites. A small-scale tube culture system, including a rich complex medium, commonly used for such programmes, was therefore evaluated using the miniature electrodes. Using the complex medium, dissolved oxygen concentration values fell to zero after approximately 20 h (Fig. 6a, b) . This resulted in erythromycin production in the case of the S. egttbraea cultures but no vancomycin production in Amy. orientalis cultures. Diluting the medium to half strength resulted in dissolved oxygen concentration values in excess of 60% throughout both cultures and antibiotic production in both cases (Fig. 7a, b ). These results demonstrate that the biomass concentration supported by the culture media in such systems is critical in determining the adequacy or otherwise of their aeration capacities. Biomass concentrations of, respectively, 5-5 g 1-1 and 4-5 g 1-' in S.
eytbraea and Amy. orientalis cultures were obtained in oxygen-sufficient cultures (Fig. 7) whereas 7.5 g 1-' and 6 g 1-1 resulted in oxygen limitation (Fig. 6 ).
DISCUSSION
Screens for novel bioactive secondary metabolites continue to provide a source of novel drugs for the pharmaceutical industry (Sanglier e t al., 1993) . The fastidious requirements for secondary metabolite production (Bushell, 1989) necessitate considerable ingenuity in the design of culture systems to ensure that uncharacterized isolates entering the screen are capable of producing a wide range of such metabolites. The pressure to screen large numbers of isolates has resulted in attempts in the industry to miniaturize liquid culture systems in screening programmes.
Erythromycin was produced under both oxygen limitation and glucose limitation. However, vancomycin required oxygen sufficiency for production. In contrast, the unidentified red pigment was produced only under oxygen limitation. An oxygen-limited screen, such as one based on tubes with the full-strength complex medium, would, therefore, have missed vancomycin and, presumably, a significant proportion of other bioactive metabolites. The discovery of the red pigment, however, is an example of the potential benefit of deliberately including oxygen limitation as one of the screen conditions.
The miniature dissolved oxygen electrode described in this paper has potential in studying the physiology of oxygen assimilation and oxygen depletion in small-scale culture systems, such as shaker vessels. It should also prove useful for the design and evaluation of miniaturized culture vessels, such as those employed in automated culture procedures and in medium formulation in situations where oxygen limitation is undesirable.
